Abstract | Primary progressive aphasia (PPA) is a disorder of declining language that is a frequent presentation of neurodegenerative diseases such as frontotemporal lobar degeneration. Three variants of PPA are recognized: progressive nonfluent aphasia, semantic dementia, and logopenic progressive aphasia. In an era of etiology-specific treatments for neurodegenerative conditions, determining the histopathological basis of PPA is crucial. Clinicopathological correlations in PPA emphasize the contributory role of dementia with Pick bodies and other tauopathies, TDP-43 proteinopathies, and Alzheimer disease. These data suggest an association between a specific PPA variant and an underlying pathology, although many cases of PPA are associated with an unexpected pathology. Neuroimaging and biofluid biomarkers are now emerging as important adjuncts to clinical diagnosis. There is great hope that the addition of biomarker assessments to careful clinical examination will enable accurate diagnosis of the pathology associated with PPA during a patient's life, and that such findings will serve as the basis for clinical trials in this spectrum of disease. Grossman, M. Nat. Rev. Neurol. 6, 88-97 (2010):
Introduction
Humans are highly dependent on language in day-today functioning. As a result, language disorders are associated with substantial disability. Aphasia is a central disorder of language comprehension and expression, and its diag nosis requires the exclusion of peripheral sensory and motor deficits that mimic aphasia. The term primary progressive aphasia (PPA) refers specifically to a dis order of deteriorating language, the demographic charac teristics of which are summarized in Box 1.
An early illustration of PPA was provided by Pick who, in 1892, described a woman with a social disorder involving disinhibition and poor insight. 1 Her speech capacity gradually worsened and she became mute. The first report of isolated language decline came in 1893 when Serieux described a patient with worsening speech fluency without accompanying memory, social or visuo spatial impairment. 2 In the more modern literature, Mesulam reported several cases of slowly progressive aphasia. 3 In 2001, Mesulam defined PPA as an aphasic impairment of language that must be the dominant deficit for the first 2 years after symptom onset. 4 This language deficit must be insidiously progressive in nature without an identifiable cause, which rules out non-neurodegenerative etiologies such as stroke or malignancy. Minimal memory, visuospatial, executive or social difficulty should be observed during the first 2 years, thereby eliminating neurodegenerative conditions such as typical Alzheimer disease (AD).
The existing clinical criteria for the diagnosis of PPA and associated syndromes have limitations. For example, specific clinical features have received minimal
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Learning objectives
Upon completion of this activity, participants should be able to: 1 Describe the most common neurodegenerative condition associated with primary progressive aphasia (PPA). validation in patients with known pathology. In addition, clinical criteria such as the 2 year rule are arbitrary, and no empirical evidence exists to support this particular duration of disease. The recognition of PPA is important for the develop ment of more-appropriate criteria for its diagnosis. This review focuses on the ascertainment of PPA and determination of its histopathological basis during life. First, the clinical characteristics of the three main PPA syndromes are described. Second, studies evaluating pathology in patients with PPA are reviewed. The identifica tion of a specific PPA syndrome provides consider able information about its etiology, but many cases exist in which the clinical syndrome does not corres pond to the expected pathology. Finally, biomarker studies that further define the histopathological basis of PPA are described. neuroimaging and biofluid biomarkers will be valuable tools for establishing the pathological basis of PPA during life, particularly as a diagnosis made solely on clinical findings has a number of shortcomings. As etiology-specific agents become available to treat PPA, identification of the histopathological abnormalities causing PPA in an individual patient becomes increasingly important. Clinical trials have already been designed for patients with frontotemporal lobar degeneration (FTlD) syndromes such as PPA, 5 but a neces sary trial prerequisite-diagnostic accuracy-remains elusive.
Primary progressive aphasia syndromes
A 2010 consensus described recommendations (M. l. Gorno-Tempini et al., personal communication) for recognizing three common forms of PPA: progressive nonfluent aphasia (PnFA), semantic dementia, and logopenic progressive aphasia (lPA). The clinical charac teristics of these syndromes are summarized in Box 2. The issue of which clinical features to include in the diagnostic guidelines remains controversial, and op inions differ about the relative importance of the various features. Some patients with PPA might not be easily classified as having one of these syndromes. The three main syndromes of PPA listed above and in Box 2 are, nevertheless, important to recognize because they anchor our current knowledge of the field. Moreover, the specific type of PPA can provide a valuable clue to the underlying pathology in a particular patient.
Progressive nonfluent aphasia
The hallmark of PnFA is effortful, nonfluent speech, 6, 7 the rate of which is less than one-third that of healthy adults. 8 Some work attributes this essential feature of PnFA to agrammatism, 8, 9 and the syndrome is also associ ated with grammatical errors and omissions, as well as simplification of grammatical forms. Patients develop disordered prosody (the rhythm or melody of speech), as well as speech sound errors. Some of the speech sound errors are substitutions and mispronunciations related to a disorder of the phonological system, whereas others are motor-based speech planning errors that are termed apraxia of speech. 8, 10 In PnFA, effortful speech worsens gradually and patients typically become mute. 116, 117 Autopsy series from several institutions examining all syndromes associated with FTLD pathology report that ≈20-40% of FTLD cases have PPA. 36, 39, [60] [61] [62] 67, 69, 73 The average age of onset tends to be in the late 50s, 118 although a wide range is reported, from patients in their 20s up to 82 year-old individuals. Survival is ≈7 years, although the prognosis is highly variable. 61, [119] [120] [121] [122] [123] There is no gender bias, and no environmental risk factors are known. 124 Some factors, such as the presence of a learning disability 125 or left cranial hypoplasia, 126 may be early indicators of PPA, but these factors generally have not been replicated.
PnFA also involves limited comprehension of grammatically complex sentences. 11, 12 The central nature of aphasic deficits means that impairments in spoken grammatical comprehension and expression are also found in reading and writing. Problems with working memory and dual-tasking may develop over time. 13 As in the patient described by Pick, 1 a disorder of social functioning can also emerge, manifesting as limited initiation of behavior, apathy, and poor motivation.
neurological examination in a patient with PnFA can reveal an extrapyramidal disorder involving unilateral myoclonus, dystonia, rigidity and limb apraxia, which might suggest a diagnosis of corticobasal syndrome. A disorder of gait and balance with limited vertical gaze and axial rigidity, as seen in progressive supranuclear palsy, 10,14 may be present. PnFA can occur in patients with amyotrophic lateral sclerosis, together with bulbar and limb weakness, muscle wasting, and fasciculations.
15,16

Semantic dementia
The major clinical features of semantic dementia include confrontation naming difficulty, impaired comprehension of single words, and degraded object knowledge. [17] [18] [19] word finding is profoundly impaired, 20 and speech might seem empty of content because of frequent use of words that have imprecise reference (for example, 'these' and 'that'). Comprehension of language is markedly diminished in patients with semantic dementia because of the degradation of semantic representations. 21 Indeed, the semantic impairment seems to be the crucial deficit in semantic dementia, since this interferes with word meaning, naming, and the recognition and use of objects.
The precise basis for this deficit, however, is unclear. Some studies argue that impaired semantic memory is widespread and compromises all semantic concepts in patients with semantic dementia. [22] [23] [24] However, others point out that visual object concepts are more impaired than abstract concepts, [25] [26] [27] and number concepts are relatively preserved. 28 Findings such as these are consistent with the claim that the semantic memory deficit is attributable to degraded representa tions of visual perceptual features that are crucial to object concepts. Semantic dementia frequently results in surface dyslexia, in which sight vocabulary words are pronounced as written (for example, 'choir' being pronounced 'cho-eere'). 19, 29 Semantic dementia can be accompanied by a social disorder of which the patient has little insight, 30, 31 and which emerges as the disease progresses. 32 Patients can become obsessive and have passionate changes in political or religious views that are antithetical to previous beliefs. Their personality is often described as cold and they have little empathy for others. Patients who become disinhibited as a result of the disorder will approach strangers on the street with offensive comments; others show hyperoral or hypersexual behavior.
Logopenic progressive aphasia lPA is characterized by profound difficulty in word finding. 33 repetition of phrases is markedly impaired, partly as a result of limited auditory-verbal short-term memory. As the condition of patients with lPA worsens, limited expression and difficulty in word com prehension can develop. These features are sometimes described as progressive mixed aphasia to reflect the presence of nonfluent speech production and impaired lexical comprehen sion. 34, 35 Forman and colleagues 36 reported that patients with a clinical diagnosis of a PPA syndrome but who had pathological evidence of AD at autopsy had worse episodic memory than patients with FTlD spectrum pathology. Indeed, the clinical features of lPA are reminiscent of the language impairments frequently described in AD. 37 Such features include naming difficulty and repetition deficits that can pro gress to impaired lexical comprehension and halting speech associated with impaired word finding.
Clinicopathological studies
As etiology-specific agents to treat neuro degenerative conditions become available, determining the cause of PPA during life will be essential to enable the identification of patients who will benefit from these inter ventions. A th orough neurological examination is useful in rendering a diagnosis, but several factors, such as the ongoing contro versy surrounding essential clinical diagnostic features of PPA syndromes, limit the value of a clinical evaluation in determining the cause of PPA. longitudinal studies of PPA might reveal informative extra pyramidal features consistent with forms of tauopathy such as cortico basal degeneration or progressive supranuclear palsy, 14 motor features of amyotrophic lateral sclerosis that are associated with TDP-43 (TAr DnA-binding protein 43) proteinopathy, 38 or episodic memory difficulties suggestive of AD. 39 However, the emergence of these clinical features often occurs later in the course of the disease. Moreover, clinical observations can be less than definitive: corticobasal degeneration is diffi cult to diagnose, 40, 41 ascertaining impaired verbal memory is complicated in patients who have impaired language ability, 42, 43 and motor neuron disease might be sub clinical. 16, 44 Caveats such as these have emphasized the need to validate observations that link clinical and pathological data. [45] [46] [47] [48] [49] [50] In summary, data are inconclusive regarding the claim that a specific clinical PPA syndrome reflects the histopathological basis of a progressive langua ge disorder.
PPA is typically associated with one of three classes of pathology. 36, 51, 52 In some cases, histopathological abnormalities are associated with tau-positive immunoreactivity (as in dementia with Pick bodies [ Figure 1 ], progressive supranuclear palsy or corticobasal degeneration), whereas other patients with PPA have AD pathology ( Figure 2) . A third class of PPA patients have FTlD histopathology that is negative for tau immunoreactivity but positive for ubiquitin immunoreactivity (FTlD-u). In most of these latter cases, histopathological inclusions are composed of TDP-43 53 (FTlD-TDP; Figure 3 ). 54 Four types of TDP-43 pathology exist: dystrophic ne urites (known as Sampathu type 1 or Mackenzie type 2 pathology; Figure 3a) ; dystrophic neurites and neuronal cytoplasmic inclusions (Sampathu type 2 or Mackenzie type 3 pathology; Figure 3b) ; dystrophic neurites, neuronal cytoplasmic inclusions and neuronal intranuclear inclusions (Sampathu type 3 or Mackenzie type 1 pathology; Figure 3c ); and Sampathu type 4 (Mackenzie type 4) pathology, which is seen in patients with mutations of the valosin-containing protein gene. 55, 56 rare tau-negative, TDP-43-negative ubiquitinated inclusions have 'fused in sarcoma' immunoreactivity known as FTlD-FuS, 57 but descriptions of individuals with such inclusions have not included aphasia. 58 In rare cases, dementia lacking distinctive histopathology or dementia with lewy bodies can also cause PPA. Progressive nonfluent aphasia Some studies associate PnFA exclusively with tau-positive pathology ( Figure 4 ). Josephs and colleagues, for example, related nonfluent PPA syndromes involving clinical features of PnFA or apraxia of speech to tau-positive pathology. 10 Apraxia of speech was over whelmingly associated with progressive supranuclear palsy, whereas cases with PnFA had corticobasal degeneration. In another study, Yokota et 35 In 20 patients with nonfluent PPA, Kertesz and co-workers found AD pathology in nine cases and 'motor neuron disease-type inclusions' (presumably FTlD-u) in two cases. 61 My group followed nine cases of PnFA longitudinally, and noted AD pathology in three cases. 39 Among Knopman's six nonfluent PPA cases, two had pathology consistent with FTlD-u and one had additional AD pathology. 62 Another series that reported a wider range of pathologies from the same institution found dementia with Pick bodies, FTlD-u, progressive supranuclear palsy, and corticobasal degenera tion pathology among patients with PnFA. 63 The Cambridge, uK group catalogued a variety of pathologies among their 23 patients with nonfluent PPA, including AD in seven cases, 64, 65 dementia lacking distinctive histopathology in one case, and 'motor neuron disease inclusion dementia' (presumably FTlD-u) in four patients. 66 Snowden et al. found FTlD-TDP pathology in eight of nine patients with PnFA. 67 Two groups also reported PnFA cases with FTlD-TDP pathology. 56, 68 The TDP-43 variant with frequent dystrophic neurites and neuronal cytoplasmic inclusions seemed to be particularly prominent in PnFA. 68 Kertesz et al. 61 and the updated university of Pennsylvania series (summarized in Table 1 ) each found single cases of PnFA with the pathological features of dementia with lewy bodies.
Semantic dementia
Several series have reported that semantic dementia is exclusively associated with FTlD-u and its variant FTlD-TDP. The single case with semantic dementia in the series reported by Knopman et al. had FTlD-u. 62 Kertesz et al.'s longitudinal study identified two apparent cases of semantic dementia, both of whom had FTlD-u pathology. 61 The longitudinal series reported by my group also found FTlD-u pathology in the single case of semantic dementia. 39 Following up on a pre vious analysis, 69 Snowden and co-workers found that that all nine patients with semantic dementia in their series had FTlD-TDP at autopsy. 67 unlike in PnFA, the form of TDP-43 pathology found in semantic dementia is characterized by dystrophic neurites, but rarely manifests as neuronal cyto plasmic inclusions, and has not, to date, been reported with neuronal intranuclear inclusions.
56,68,70
Semantic dementia has not, however, been universally related to FTlD-u. The group in Cambridge, uK reported three patients with semantic dementia who had dementia with Pick bodies; 60,71 other cases had AD pathology. 64, 66, 71 The updated series from the university of Pennsylvania (Table 1 ) also found cases of semantic dementia with AD pathology.
Logopenic progressive aphasia
In a series reported in 2008, all five patients with PPA who had AD pathology had an lPA phenotype. 72 Another series found cases of lPA to be associated with tau-positive inclusions, FTlD-u pathology, or AD. 35 The updated university of Pennsylvania series found AD in addition to FTlD-TDP pathology in cases of lPA. 39 overview of clinicopathological associations 
syndrome and a specific neuropathological finding for at least half the patients with PPA. In PnFA, over half the cases have tau-positive pathology, including dementia with Pick bodies, corticobasal degeneration and progressive supranuclear palsy. over two-thirds of cases of semantic dementia have FTlD-u pathology that is likely to be related to TDP-43. lPA is associated with AD pathology in half of the reported cases. Careful clinical evaluations thus have an important role in the as sessment of patients with PPA.
Although a particular pathology is associated with a specific PPA syndrome in many cases, frequent ex ceptions exist. The clinical diagnosis of a PPA syndrome thus does not reliably define the pathology present in an individual patient. For example, although PnFA is most often associated with tau-positive pathology, many patients with PnFA have FTlD-u pathology, presumably caused by TDP-43, and others have AD. Similar heterogeneity is observed in semantic dementia. Most patients with semantic dementia have FTlD-u pathology, often related to TDP-43, but several such patients have AD or tau-positive pathology. In addition, although lPA is often associated with AD, some lPA cases have FTlD-u pathology, and others are associated with a tau-positive pathology. recognition of a specific PPA syndrome is important because each variant is associated with a specific histopathology, but predicting a specific pathological finding from a particular PPA syndrome in an individual patient remains problematic.
Biomarkers for primary progressive aphasia
In light of the somewhat inconsistent clinicopathological relationships in PPA, additional information is needed to help determine the pathology underlying the dis order. Four classes of biomarkers-quantitative neuro psychological biomarkers, imaging biomarkers, genetic bio markers and cerebrospinal fluid (CSF) biomarkers-have been validated in autopsy-confirmed cases and have the potential to contribute to the diagnostic accuracy of PPA.
Quantitative neuropsychological biomarkers
The capacity to determine the underlying pathology of a PPA syndrome may be blunted by bundling multiple attributes into a single syndrome. Indeed, clinical characteristics such as nonfluent speech and naming difficulty contribute to more than one PPA syndrome. More over, the value of this kind of feature to predict pathology is lessened when it is considered dichotomously (that is, present versus absent), as is the common practice in most clinical syndromes, rather than parametrically (that is, according to the degree of impairment).
Several studies have assessed language and cognition quantitatively in autopsy-proven PPA. An evaluation of nonfluent PPA revealed apraxia of speech in all patients with tauopathy but not in patients with FTlD-u pathology. 10 Compared with patients with TDP-43 proteinopathy and patients with AD pathology, patients with tau-positive pathology, which is associated with PnFA, are significantly more impaired on executive measures involving visual constructions and reverse digit span. 39, 73 By contrast, patients with TDP-43 proteino pathy, which is associated with semantic dementia, have significantly greater impairments in confrontation naming and category naming fluency than patients with tauopathy or AD pathology. 39, 72, 73 This double dissociation-worse executive functioning in patients with tauo pathy but worse lexical retrieval in patients with TDP-43 proteinopathy-is maintained longi tudinally, so the relative performance of a patient on these measures might be a useful diagnostic guide during the entire course of these conditions. episodic memory is more impaired in PPA due to AD pathology than in PPA due to tau or FTlD spectrum pathology. Reported clinicopathological studies used entry criteria based on the clinical syndrome, noting the percentage of cases with a specific syndrome who had a particular pathology. Discrepancies across series may be seen for several different reasons, such as differences in clinical or pathological criteria across institutions; the varying time points at which patients were allocated to a clinical diagnostic category; or unavoidable case selection and referral biases. Such inconsistencies emphasize the importance of implementing consensus clinical and pathological diagnostic criteria across multiple collaborating centers. *Eligible cases include patients in a series with a primary diagnosis of a variant of PPA. 
36,74
Imaging biomarkers
Structural imaging such as MrI, as well as functional imaging with PeT, have identified selective inter ruptions of the large-scale language network (Box 3) in the left hemisphere that are associated with particular PPA sy ndromes ( Figure 5 ). PnFA is associated with anterior peri-Sylvian atrophy involving inferior, opercular and insular portions of the left frontal lobe.
11,33 over time, atrophy in PnFA extends superiorly into dorsolateral prefrontal cortex, inferiorly into superior temporal cortex, medially into orbital and anterior cingulate regions, and posteriorly along the Sylvian fissure into the parietal lobe. Inferior frontal and superior temporal cortical thinning is seen in patients with PnFA who have autopsy-proven tau-positive disease. 75 reduced parietal cortex functioning is seen on PeT scans or single-photon emission CT scans of patients who have PnFA and pathologically confirmed AD, but not in patients without AD pathology. 76 Semantic dementia is associated with left anterior temporal atrophy affecting lateral and ventral surfaces as well as the anterior hippocampus and the amygdala. 77 rare studies involving longitudinal imaging show atrophy extend ing posteriorly and superiorly in the ipsilateral temporal lobe, and anterior temporal regions of the right hemisphere are frequently implicated. 78 Prominent left anterior temporal thinning is seen in patients with semantic dementia who have FTlD-u pathology at autopsy. 72, 73, 75 lPA is associated with posterior peri-Sylvian atrophy. 33 longitudinal observations suggest progressive disease extending into more-inferior regions of the tem poral lobe, superior extension into the parietal lobe, and an terior extension along the Sylvian fissure into the frontal lobe. Studies evaluating patients with a form of PPA associated with AD pathology have shown temporal-parietal atrophy. one of these studies showed sparing of the hippo campus, 72 whereas a second study found hi ppocampal atrophy. 73 various histopathological abnormalities can potentially accumulate in the anatomical regions implicated in PPA. PeT metabolic imaging with Pittsburgh compound B (PIB) can establish the specific cause of some PPA syndromes, as this compound tags amyloid-β (Aβ), a peptide that accumulates in AD but not in tauopathies or TDP-43 proteinopathies. 79 one report found that PIB uptake was lower in eight of 12 patients clinically diagnosed as having FTlD than it was in patients with AD. 80 A 2008 study of PPA reported PIB uptake in all four patients with lPA who were evaluated. 81 The signal was strongest in a left temporal-parietal distribution, consistent with the anatomical distribution of pathology in lPA caused by AD. By comparison, left frontal uptake was seen in only one of six patients with PnFA in that study, and left temporal uptake was seen in one of five patients with semantic dementia, suggesting that AD pathology is less common in PnFA and semantic dementia than in lPA. Considerable caution should be exercised when interpreting these data, because limited autopsy confirmation of PIB imaging results in PPA is available. Moreover, a substantial number of older adults f o C u S o n d E M E n T I A have an amyloid burden at autopsy that is consistent with AD, even though they are cognitively intact. In addition, quantitative analyses of the anatomical locus of the histopathological burden in patients with PPA who have AD pathology do not always correspond to the expected an atomical distribution of the PPA syndrome. 35, 36, 82 Several studies have attempted to improve the diagnosis of PPA through multimodal imaging. In one report, regression analyses combined structural MrI scans with language measures to identify the pathological basis of PnFA and lPA. 83 In patients with AD pathology, visual con frontation naming was significantly impaired, whereas letter-guided category naming fluency was most impaired in patients with FTlD spectrum pathology. Temporalparietal atrophy was seen in AD regardless of the clinical syndrome. Patients who had PnFA due to FTlD pathology had inferior and dorsolateral frontal atrophy, whereas patients who had lPA due to FTlD had posterior periSylvian atrophy. A receiver operating characteristic curve analysis combined distinguishing neuropsychological and imaging features to yield 90% diagnostic accuracy. Additional research on biomarkers is needed to help specify the causes of these PPA syndromes during life.
genetic biomarkers
DnA can provide important diagnostic information in PPA through the identification of inherited mutations in chromosomes coding for proteins implicated in the pathogenesis of this condition. Autosomal dominant familial disorders are frequent in FTlD, and up to 45% of cases have a strongly positive family history. 84, 85 Mutation of the progranulin gene (PGRN) on chromosome 17 is reliably associated with FTlD-TDP pathology. Studies of families with PPA have identified inherited abnormalities that are associated with this condition. For example, one study found that affected members of two families with a PGRN mutation had PnFA combined with a be havioral disorder. 86 A second report described two families in which most affected individuals had PnFA associated with a PGRN mutation. 87 Despite these findings, the presence of a PGRN mutation does not necessarily lead to the presence of PPA. 88 PPA is quite uncommon at presenta tion in patients with a PGRN mutation, although a language disorder eventually emerges in many indivi duals carrying this mutation. 89 Moreover, the clinical symp toms of an FTlD syndrome can vary greatly even in members of a family with the same PGRN mutation. 90, 91 Some patients with a familial FTlD syndrome have a mutation of the tau-encoding MAPT (microtubuleassociated protein tau) gene, which is also located on chromosome 17. The phenotype associated with a specific MAPT mutation is highly variable. 92 A comparison of phenotypes across mutations showed that a notable reduction in speech ability occurred more commonly in patients with a PGRN mutation than in those with an MAPT mutation. 93 About one-third of patients with a PGRN mutation exhibited aphasic features characteristic of a PPA variant, typically PnFA; patients with an MAPT mutation more commonly showed characteristics of semantic dementia, although never without a preceding social disorder. other less commonly mutated genes in FTlD include VCP (which encodes valosin-containing protein) on chromosome 9, CHMP2B (which encodes a component of the endosomal sorting complex required for transport III complex) on chromosome 3, and TARDP (TAr DnA-binding protein) on chromosome 1, but familial PPA has not been reported to result from mutations in any of these genes. An increased incidence of methionine-valine heterozygosity at codon 129 of the prion protein gene PrP is, however, strongly associated with PPA. 94 Biomarkers linked with genetic factors might also have a role in defining the pathological basis of PPA. one study found an association between the H1 haplotype of MAPT and the sporadic form of PPA. 95 Another potential biomarker for PPA is apolipoprotein e ε4 (APOE ε4). As this biomarker is associated with AD pathology, the frequency of the APOE ε4 allele might potentially allow differentiation between PPA caused by AD pathology and that caused by FTlD spectrum pathology. However, the Box 3 | The large-scale neural network that supports language Combinations of representational and processing nodes within a large-scale neural network in the left hemisphere collaborate to support crucial features of language. 127, 128 The words we hear are translated from auditory-sensory input into speech sounds in inferior parietal and superior temporal regions adjacent to the Sylvian fissure. Speech sounds are interpreted as word forms linked with a concept in posterior-lateral and anterior-inferior temporal areas. Inferior and lateral prefrontal regions interpret word order and assemble words into grammatical sentences. Language expression depends on similar semantic and grammatical processes, and selected word forms are formulated as speech sounds in the inferior and insular regions of the frontal lobe. Phenotypic distinctions in primary progressive aphasia depend on which portion of this large-scale language network is compromised. Figure 5 | Distribution of cortical atrophy in three primary progressive aphasia syndromes. This image is based on a quantitative cortical thickness analysis of high-resolution 3T MRI studies 129 in patients with primary progressive aphasia. Statistically significant cortical thinning is observed in inferior, dorsolateral prefrontal and insular regions of the left frontal lobe in progressive nonfluent aphasia (red, n = 12 patients), in the left lateral temporal and inferior parietal regions in logopenic progressive aphasia (green, n = 9 patients), and in the left anterior temporal lobe in semantic dementia (blue, n = 11 patients) relative to age-matched healthy adults.
frequency of the APOE ε4 allele does not seem to be elevated in PPA associated with FTlD spectrum patholo gy or PPA associated with AD. 35, 96 Additional potential biomarkers can be found in the plasma. For example, the percentages of patients with FTlD or AD who have detectable levels of TDP-43 in their plasma (46% and 22%, respectively) correspond to the percentages of patients in these groups with TDP-43 detected in their brains. 97 Affected and clinically unaffected individuals with a PGRN mutation have significantly lower plasma progranulin levels than do noncarrier relatives. [98] [99] [100] Although biomarkers hold immense promise for distinguishing between TDP-43 protein pathology and tau-positive pathology, these markers need to be validated with autopsy studies and studied in patients with a PPA syndrome. other genetic biomarkers should become available in the future.
Cerebrospinal fluid biomarkers CSF provides a further source of potential biomarkers for PPA. CSF, which bathes the brain, contains proteins such as tau and Aβ, and may reflect the underlying pathology of PPA more directly than plasma. Many studies have shown that AD is associated with elevated CSF levels of total tau and of tau phosphorylated at its 181 phosphorylation site, together with reduced levels of the Aβ 1-42 peptide. A comparative study found that a different pattern exists in FTlD; ≈20% of patients clinically diagnosed as having FTlD had significantly reduced CSF tau levels relative to controls, but this finding was not seen in patients with AD, and the ratio of tau to Aβ 1-42 was another useful way to distinguish FTlD from AD. 101 This finding is controversial, however, as elevated CSF tau levels have been observed in patients clinically diagnosed as having FTlD, [102] [103] [104] and other studies have not found that the ratio of tau to Aβ can distinguish between FTlD and AD. 105 nevertheless, in patients with known pathology, the ratio of CSF tau to Aβ has been found to be significantly lower in patients with FTlD than in those with AD. A receiver operating characteristic curve analysis found that a cut-off tau:Aβ 1-42 ratio of 1.06 had excellent sensitivity and specificity for distinguishing FTlD from AD. 106 Taupositive disease could not be dissociated from TDP-43 proteinopathies in patients with FTlD on the basis of tau and Aβ 1-42 levels. Specific forms of tau in the CSF could be useful for the diagnosis of tauopathies in patients clinically diagnosed as having progressive supranuclear palsy or corticobasal degeneration, 107, 108 but these data must be interpreted cautiously because of the poor reliability of the clinical diagnosis of these conditions. CSF levels of TDP-43 have been assayed in patients with a clinical diagnosis of FTlD or amyotrophic lateral sclerosis. In one study, CSF levels of TDP-43 were significantly higher in patients with FTlD or amyotrophic lateral sclero sis than in controls, although values overlapped considerably in cases and controls. 109 Another study reported significantly elevated CSF levels of TDP-43 in 6 of 30 patients with amyotrophic lateral sclerosis, 110 and individuals with PGRN mutations have been found to have reduced CSF levels of progranulin. 100 novel potential biomarkers, such as cystatin C, transthyretin, neurosecretory protein vGF, and chromogranin B, have also been identified in the CSF of patients with FTlD. 111, 112 Promising preliminary findings such as these emphasize the need for additional work to optimize the identification of patients with PPA who have tau or TDP-43 pathology.
Conclusions
This review highlights the value of a multimodal approach to defining pathology in PPA. The clinical identifica tion of a specific PPA syndrome provides important preliminary information about the likely cause of PPA, and biomarkers can provide useful additional information. neuroimaging studies can define the neuroanatomical basis of a PPA syndrome, and PeT metabolic imaging with PIB can be used to identify AD presenting as a variant of PPA. A CSF analyte profile also can help to define the histopathological cause of PPA. Combinations of these biomarkers can supplement clinical diagnosis and help identify the pathological basis of PPa during life. The discovery of a genetic mutation consistent with tauopathy or TDP-43 proteinopathy can provide definitive information about the etiology of PPA. In the future, novel biomarkers will, hopefully, enable the pathological basis of sporadic PPA to be determined with considerable specificity during a patient's life, which will open the way for etiology-specific treatments.
Review criteria
MEDLINE and PubMed databases were searched using the terms "primary progressive aphasia", "progressive non-fluent aphasia", "semantic dementia", "frontotemporal dementia", "frontotemporal degeneration" and "frontotemporal lobar degeneration", alone and in combination with "pathology", "tau", "tauopathy", "TDP-43", "TDP-43 proteinopathy" and "Alzheimer's disease". Full-text papers published in English were included and the bibliographies of identified papers were also used to identify additional papers on the topic of this Review.
